Background: Surgical residents' exposure to aesthetic procedures remains limited in residency training. The development of the Montreal augmentation mammaplasty operation (MAMO) simulator aims to provide an adjunctive training method and assessment tool to complement the evolving competency-based surgical curriculum. Objectives: To perform face, content, and construct validations of the MAMO simulator for subpectoral breast augmentation procedures and assess the reliability of the assessment scales used. Methods: Plastic surgery staff and residents were recruited to perform a subpectoral breast augmentation on the simulator. Video recordings of their performance were blindly evaluated using the objective structured assessment of technical skills (OSATS) system consisting of the global rating scale (GRS), mammaplasty objective assessment tool (MOAT), and a surgery-specific Checklist score. Results: Fourteen plastic surgery residents and seven expert plastic surgeons were enrolled. Experts' performance was significantly higher than residents' according to each of GRS, MOAT, and Checklist scores. Mean values of residents and experts were 23.4 (2.5) vs 36.9 (3.1) (P < 0.0001) for GRS score, 30.4 (2.2) vs 40 (3.2) (P < 0.0001) for MOAT scores, and 9.7 (1.5) vs 12 (1) (P < 0.001) for Checklist scores, respectively. Face and content validations showed excellent results among parameters evaluated, with an overall mean score of 4.8 (0.3) on 5. Cronbach's alpha was 0.96 and 0.83 for GRS and MOAT scores, respectively. Intraclass correlation coefficients for interrater reliability were excellent at 0.93, 0.92, and 0.89 for the GRS, MOAT, and Checklist scores, respectively. Conclusions: This study proves the construct simulator to be valid and the assessment scales to be reliable.
While simulator-based training has become a fundamental tool for the acquisition of defined skills in surgical education, plastic surgery is still lacking compared to other specialties in terms of efficacy and quality of specialty-specific simulators. 1 The latter has become increasingly important with the steady transition towards competency-based education for surgical training as defined by the Accreditation Council of Graduate Medical Education (ACGME) in the United States and the Royal College of Physicians and Surgeons of Canada (RCPSC). 2 As such, the demand for simulators to serve as objective assessment tools has and will continue to grow substantially.
Although limited in number, currently descriptions exist for simulators within the field of plastic surgery including those mimicking a basic tendon repair, 3 microsurgical anastomosis, 4 ,5 palatoplasty, 6 and craniosynostosis repair. 7 To date, none of these simulators have undergone construct validation, thereby rendering the applicability of the simulators to clinical skill competence undetermined.
The current study presents the first construct-validated surgical simulator for plastic surgery. The authors selected breast augmentation as the pilot simulator for development based on a literature and resident case log database review, [8] [9] [10] [11] demonstrating bilateral breast augmentation (BBA) to be a procedure where residents notably lack hand-on exposure during training, despite being the second most commonly performed aesthetic procedure. 12 Limited resident hands-on exposure for BBA likely stems from the fact that it is often performed in the private practice, out-patient setting, relying on direct payment from the patient. These factors, along with the fact that aesthetic outcome is the primary goal, tend to make most patients reluctant to have residents directly involved in their surgery. 13 From a plastic surgery education viewpoint, a nonhuman breast augmentation simulator capable of replicating the essential steps of such a procedure would be valuable, fulfilling the dual goal of alternative (simulator-based) training as well as a valid assessment tool to confirm satisfactory skill acquisition.
The authors build on preliminary work published by our group demonstrating the development of an early prototype, replicating a hypotrophic unilateral breast with some anatomical simplifications (no subpectoral plane). 14 The current study presents a more anatomically relevant and sophisticated simulator (heretofore referred to as the Montreal augmentation mammaplasty operation or MAMO) as well as demonstrating face, content and construct validation.
METHODS

Development of the MAMO Simulator
Following the development of a preliminary part-task trainer prototype, 14 a high-fidelity subpectoral breast augmentation benchtop simulator was constructed in our laboratory. Essential anatomical structures were represented and aggregated together into a compact portable simulator capable of replicating the essential steps of the procedure. The simulator encompasses the following structures: skin, nipple-areola complex, mammary tissue, subcutaneous tissue, pectoralis major muscles, pectoralis minor muscles, intercostal muscles, periosteum, and a complete rib cage (Figure 1 ). This was achieved via molding and casting techniques and the use of a panoply of urethaneand platinum-based silicone, meticulously chosen to best A B C Figure 2 . The three steps of the surgery that necessitated overcoming issues of reusability. (A) The use of a skin strip to cover an existing IMF incision, (B) interchangeable subcutaneous rectangles representing subcutaneous tissue, (C) the use of Velcro material between the pectoralis major muscle, and the rib cage for pocket dissection reusability. 2. Application of nipple shield Nipple shield should be placed at the beginning of the surgery to prevent implant contamination with nipple bacterial flora.
Infiltration of mammary tissue with local anesthetics
Mammary tissue should be infiltrated to minimize bleeding during surgery. A pneumothorax indicator is in place to detect any breach of plane.
Inframammary incision
Incision should be performed on the skin strip then proceed through the existing incision underneath.
Subcutaneous dissection
Using a cautery pen, subcutaneous dissection should be performed until reaching the pectoralis major muscle plane.
Subpectoral pocket dissection
The subpectoral plane should be identified and dissected by elevating the pectoralis major muscle from the rib cage. This step necessitates the use of a long tip cautery device as well as a light-mounted retractor. Dissection should be limited to the preoperative markings.
7. Implant insertion into the pocket Before handling the implant, the participant should ask the assistant for a new pair of gloves and to soak the implant and irrigate the pocket with a triple antibiotic solution. Then using the no-touch technique, participant should proceed with implant insertion, minimizing its contact with the skin.
New inframammary fold fixation
When the implant is in place and secured, participant should proceed to the fixation of the new IMF by suturing ribs' periosteum to the adjacent subcutaneous tissue.
Subcutaneous suturing
Simple interrupted sutures should be placed to close the subcutaneous tissue.
Skin suturing
Running subcuticular suturing should be used to close the dermis, then apply the adequate dressing.
IMF, inframammary fold.
A B C D mimic the texture and color of each anatomical structure. As well, a pneumothorax indicator allowing the user to be notified when the intercostal muscle plane is inadvertently breached was incorporated.
Reusability
For the simulator to be cost effective, maximum reusability was sought. Reusability of the simulator's skin envelope (breast and thorax) step was attained by concealing an existent reusable access incision with a disposable skin patch. The latter allows completion of the markings and determination of incision location, as well as execution of an incision on the skin patch which is then changed for the next user. Subcutaneous dissection is the sole step that contains a part that is not reusable due to the required texture and feel of the synthetic tissue. A rectangular foam piece, mimicking the subcutaneous layer, is placed at the level of the existing incision location, which is simply replaced after each simulation. Subpectoral pocket dissection reusability was achieved by introducing Velcro material between the pectoralis major muscle and the rib cage. Using a long tip electrocautery device, Velcro loops are released mechanically mimicking very reasonably the development of the subpectoral plane. Figure 2 demonstrates the described components. The subglandular plane can also be developed in this simulator but was not evaluated in the scope this project. 
Procedure Description
As the steps of augmentation varies between experts, the authors utilized a published Delphi consensus process of plastic surgeons and educators to determine the essential surgical steps that should be performed on the simulator. 10 These steps represent the "core competencies" that a graduating plastic surgery resident should be able to demonstrate independently to be considered competent for a breast augmentation procedure. The steps are listed in Table 1 and illustrated in Figure 3 .
Validation Study
After Institutional Review Board approval at McGill University, a total of 21 participants were recruited by sending email invitations to the mailing list database of plastic surgery residents and staff. For standardization purposes, a five-minute informative video depicting the essential surgical steps was shown to all participants (Video 1). Using standard surgical instruments, 14 plastic surgery residents and 7 expert plastic surgeons performed a subpectoral breast augmentation procedure on the MAMO simulator between November 2016 and February 2017. Participants' performance was recorded with video footage focussed only on the surgical site (participant not identifiable). Participants wore gowns and gloves to further hide any identifiable personal characteristics ( Figure 4) . After completing the procedure, expert plastic surgeons completed a survey assessing different components of the simulator. Evaluation consisted of four domains: (1) physical attributes, (2) realism of experience, (3) realism of material, and (4) overall assessment.
Method of Evaluation
For confidentiality purposes, each participant was assigned an identification code and video performances were muted and captioned when necessary. Evaluations were performed separately with each grader (R.K. and A.V.M.) blinded to the others results and blinded as to the identity of the participant. The evaluators were both plastic surgery residents performing a research year, who were specifically trained by the senior author (MG), a board-certified plastic surgeon, and the plastic surgery program director at McGill University, and scored the performance of participants using an objective checklist. This was achieved using the objective structured assessment of technical skills (OSATS) scoring system, [15] [16] [17] which encompasses: (a) a global rating scale (GRS) score (b) a surgery-specific mammaplasty objective assessment tool (MOAT) score and (c) a surgery-specific Checklist score.
The GRS score is a validated global rating tool used to objectively mark candidates' technical performance. [17] [18] [19] It is comprised of eight categories scored on a Likert scale (1 to 5), each tied with descriptive anchors, giving a maximum total score of 40 ( Table 2 ). The surgery-specific MOAT score is tailored to a subpectoral augmentation procedure and was developed by our team. It is comprised of nine categories evaluating the essential surgical steps. Each category is evaluated on a Likert scale, giving a maximum score of 45 (Table 3) . As well, a surgery-specific Checklist of the essential steps of the procedure was developed by our team, which comprised of 14 categories, giving a maximum score of 14 (Table 4) .
Statistics
Statistical analyses were performed using JMP 11 (Statistical Analysis System Institute Inc., North Carolina) and SPSS Inc. (International Business Machines Corporation, Ontario). Data are presented as mean values with standard deviation. The t test was used to compare mean values of GRS, MOAT, and Checklist scores between residents and experts. A Pearson correlation test was used to examine the correlation between GRS and MOAT scores. Internal consistency of GRS and MOAT scores were estimated using Cronbach's alpha. 20 Interrater reliability was calculated using the intraclass correlation coefficient (ICC) for the total scores and for each item that constituted these scores. A P-value < 0.05 was considered significant.
RESULTS
Twenty-one participants were enrolled in this study: 14 plastic surgery residents and 7 expert plastic surgeons. Demographic data are presented in Table 5 .
Face and Content Validation
Seven board-certified plastic surgeons evaluated different aspects of the MAMO simulator upon procedure completion. Face and content validations results showed excellent results among parameters evaluated, with an overall mean score of 4.3 (0.3) on 5. Out of four domains, "physical attributes" scored the highest with a mean of 4.5 (0.3) out of 5, followed by the "overall evaluation" domain with a 4.4 (0), then "realism of experience" with 4.1 (0.2), and lastly "realism of material" with 4.1 (0.4) ( Table 6 ). The observed average of the "global assessment", "value as a training tool," and "relevance to practice" items each scored 4.4 (0.8), which falls between the 2 scaling criteria of "good" (score, 4) and "great" (score, 5). This indicates that the MAMO simulator is relevant for the use as a training and assessment tool for mammaplasty procedures as it achieves face and content validations.
Construct Validation
After a blind evaluation of participants' performance, expert plastic surgeons' performance was significantly higher than residents' according to GRS, MOAT, and
Checklist scores (Table 7 ). Based on evaluator 1, mean values of residents and experts were 23.4 (2.5) vs 36.9 (3.1) (P < 0.0001) for GRS score, 30.4 (2.2) vs 40 (3.2) (P < 0.0001) for MOAT scores, and 9.7 (1.5) vs 12 (1) (P < 0.001) for Checklist scores respectively ( Figures 5-7 ). Based on evaluator 2, mean values of residents and experts were 25(3.2) vs 36.9 (1.3) (P < 0.0001) for GRS scores, 31(2) vs 38.4 (3.8) (P < 0.001) for MOAT scores, and 10.3(1.4) vs 12.1 (0.9) (P < 0.001) for Checklist scores. Checklist items that residents omitted or incompletely performed the most frequently were "skin markings of medial/lateral/superior borders of the pocket" in 13 out of 14 cases (93%) (10 out of 14 (71%) based on evaluator 2), followed by achieving a "proper implant placement inside the subpectoral pocket" omitted by 8 out of 14 residents (57%) (7 out of 14 (50%) based on evaluator 2). The steps experts omitted were the "mammary tissue infiltration" step in 4 out of 7 cases (57%), followed by "correctly marking old and new inframammary fold" in 3 out of 7 cases (43%), as assessed by both evaluators.
Pearson correlation studies between GRS and MOAT scores showed a strong correlation with 0.95 [0.88-0.98] (P < 0.0001) and 0.94 [0.86-0.98] (P < 0.0001) according to evaluator 1 and 2 respectively. Predictive linear regressions were strong between the two score with a coefficient of determination (R 2 ) of 0.9 based on evaluator 1 ( Figure 8 ) and R 2 = 0.89 based on evaluator 2 ( Figure 9 ).
Internal Consistency
Cronbach's alpha for the GRS score based on evaluator 1 was 0.96 and based on evaluator 2 was 0.94, which indicates that internal consistency of GRS score is "excellent" (Table 8 ). Cronbach's alpha for the MOAT score was 0.83 and 0.82 for evaluator 1 and 2 respectively (Table 9) , which means that internal consistency of the MOAT score is "good."
ICCs for interrater reliability were excellent at 0.93, 0.92, and 0.89 for the total GRS, MOAT, and Checklist scores, respectively, which indicates that at least 93%, 92%, and 89% of the variance in each of the respective scores can be attributed to a true difference between participants. Correlation studies of each score between evaluators were all higher than 0.8 between evaluators (Table 10) .
When broken down into items, ICCs for GRS score items between evaluators were all above 0.8 except the "instrument handling" and "respect of tissue" items with scores of 0.7 and 0.6, respectively (Table 8) . Similarly, ICCs of the MOAT score items between both evaluators were all above 0.8 except, except "subcutaneous tissue dissection," "skin suturing aesthetic," and "inframammary fold fixation" items with a score of 0.6 for each (Table 9 ).
DISCUSSION
The implementation of the new accreditation system by the Accreditation Council of Graduate Medical Education (ACGME) is aimed to ensure that graduates of accredited residency programs possess the necessary knowledge, skills, and attitude for safe, effective, and compassionate practice. 21 Residents are no longer deemed competent by merely completing the duration of residency. Alternatively, competence must be established using objective assessment tools and predefined milestones. Although most experts have acknowledged the convenience of such transition, the availability of tools and scales that objectively assess competence has been problematic. 22 This is particularly true of plastic surgery, which is behind other specialties in terms of availability of simulators, despite being classified as the most desirable tool to assess surgical skills by the ACGME. 23 Due to the breadth of procedures in plastic surgery, surgical simulators should be focussed on high yield skill sets SD, standard deviation. *As completed by expert plastic surgeons, evaluating anatomical accuracy, realism of material and experience as well as an overall value of the simulator as a training and assessment tool for augmentation mammaplasty procedures.
that can apply to many procedures, as well as skills that are technically difficult to acquire (ex. microsurgery) or are limited in hand-on exposure to the trainee (ex. certain aesthetic procedures). Furthermore, such simulators must be validated to establish their utility as training tools, their ability to objectively assess defined skills, and the portability of this training to clinical competence. Based on this area in need of development within plastic surgery education, our group has developed the first breast surgery simulator. We selected breast augmentation to serve as the pilot simulator (with the understanding that lessons learned from this simulator development would aid future simulator development), based on a previously performed needs assessment highlighting this procedure as a "hands-on" area of pedagogical weakness within residency training. 10 The simulator was developed in tandem with research by our group in defining the core procedural skills for breast augmentation that trainees would be expected to learn and objectively "master" to be considered competent on this simulator, and eventually for this procedure in the clinical (training) realm. 10 Thus, the presented simulator not only encompasses the sufficient reality of physical attributes of female thorax for trainees to get hands-on training for breast augmentation, but is also designed to develop (learn) and objectively assess the exact skills associated with breast augmentation, as outlined by educational and clinical experts for this procedure.
The presented simulator environment is a highly realistic operating-room-like experience, including the ability to drape, position, and manipulate real surgical instruments. The main advantage of this benchtop synthetic simulator over other technologies, such as virtual reality, is the haptic feedback that operators can experience. The physical feedback and tissue handling is an integral part in the development of the necessary technical skills (ex. holding the lighted retractor in a limited incision while dissecting the pocket). Although not identical to a real-life operation on a human, it provides enough realism to develop skills and familiarity-as has been demonstrated in the extensive literature on abdominal laparoscopy training with the MISTELS simulator. The latter uses basic tasks (moving pegs, tying a knot) in a box with simplified laparoscopic tools to mimic the skills needed, but not the realism of true laparoscopic surgery to develop the necessary skills. The MISTELS simulator is now a core part of general surgery residency training. [24] [25] [26] [27] [28] [29] [30] In addition to the development of the simulator and its teaching objectives, the present study demonstrates face, content, and construct validation steps performed to confirm its potential utility for surgical learning. In the context of technical skills assessment, face and content validations represent a measurement of how close the construct characteristics and the task performance resemble "reallife" experience. Construct validation aims to determine whether a simulator significantly discriminates between different skill levels of users and is therefore the most important type of validity for educational purposes. The latter requires statistical analysis to be achieved, whereas face and content validations are solely achieved by experts' consensus.
The results demonstrated that the MAMO simulator achieved face and content validations by reaching a consensus among expert plastic surgeons on the resemblance of appearance and experience to that of "real-life" subpectoral breast augmentation surgery. Each of the four domains evaluated for this purpose (physical attributes, realism of material, realism of experience, and the overall evaluation) scored a mean value above 4 out of 5, representing the two evaluation criteria of "good" and "great."
Understandably, the realism scores of the simulator evaluation scored slightly lower than the remaining sections, as its main objective is to emphasise learning of "essential" procedural steps learning and regional anatomy familiarization as opposed to a perfect or "super real" representation of the clinical procedure. Construct validation of the simulator was achieved as well by the performance analysis, demonstrating the simulator's ability to discriminate between the different levels of expertise. Statistically significant differences were observed between residents' and experts' scores using the GRS, MOAT, and Checklist scales. This technique of construct validation is widely used and recognized as the gold standard. [31] [32] [33] [34] [35] After attaining validity for the MAMO simulator, it was crucial to determine whether the scales used to achieve validity are themselves "reliable." Reliability refers to the degree to which an assessment tool is consistent in its outcome. Frequently used items to evaluate reliability are internal consistency and interrater reliability. The latter measures the degree of score(s) agreement between two raters testing the same subject. All trainees that were tested on the simulator received a standardized set of instructions on how to complete the simulation task and identical surgical assistance by our researchers during the procedure. Not surprisingly, ICC of the interrater reliability for the total scores of GRS, MOAT, and the Checklist were all equal to, or higher than 0.9, signifying that at least 90% of the variation in scores can be attributed to a true difference between participant's performance of the tasks.
The internal consistency of a scale, alternatively, evaluates the degree to which every test item measures the same construct. The Cronbach's alpha test is often used to gauge internal consistency, providing a score range between 0 and 1, where 0.8 is generally accepted as a threshold for "good" consistency. Our results for the simulator demonstrated "excellent" internal consistency for the GRS score with 0.96 and 0.94, and 0.83 and 0.82 for the MOAT score for evaluators 1 and 2, respectively. Such benchtop simulation is not without limitations. These include the inability to integrate blood vessels and reproduce true "haemorrhage," as the reusability of such model would be greatly diminished. Such limitations, however, are the impetus for technologic advancement in the simulation field. To that end, our group is already developing an overlay "augmented reality" to produce a hybrid (benchtop and augmented reality) virtual environment that provides realistic animated clinical scenarios such as hemorrhage or false tissue planes during pocket development. Moreover, we are also developing a tracking system that will enable both experts, teachers and learners to visualize their movements (ie, hand motion patterns, 36 path length, 37 and eye motion tracking analyses [38] [39] [40] ) and to evaluate the quality of their surgical execution (pocket dissection) compared to the preoperative plan. Such an addition to the current simulator system would further improve the assessment method and enhance its objectivity.
Another potential limitation is cost for residency programs. From a practical perspective, the simulator is designed to be cost effective by incorporating a reusable base (ribcage and musculature) with modifiable exterior features that are inexpensive to produce and disposable after several uses. Again, the disadvantage of the minor costs associated with some disposable components also serves as a major advantage. The latter will allow the procedure to be modified (already in development) to other breast procedures such as implant-based mastectomy reconstruction and mastopexy, allowing educational versatility and multiple learning/assessment options for plastic surgery trainees (much like the multiuse mannequins that allow anaesthesia residents to practice skills such as intubation, central line placement, etc.).
Lastly, and perhaps most importantly, one must consider the time required outside of clinical (OR-based) training to train and assess residents in simulated procedures. The described OSATS scoring system, although shown to be reliable, is time consuming. The latter represents a major fear of many programs and their academic faculty and, as such, generates resistance to the incorporation of such teaching tools into their existing plastic surgery residency curricula. However, we should not remain idle, as many of our sister surgical specialties have already begun incorporating key simulators into their "boot camp" curricula for new trainees, in an effort to focus the time burden (and human resources required) of such simulator training into discrete times within residency training. This particular simulator would likely best be introduced to the midlevel resident (R3/R4) where the acquired skills would become needed (first assistance, aesthetic surgery exposure, etc.). While this timing would be program specific, such a simulator could be integrated into a "mid-level" boot camp (along with other skills some as microsurgical anastomoses, etc.) as trainee's transition into the more plastic surgery-specific and intensive portion of their residency.
CONCLUSION
The demonstrated validity of the simulator and reliability of the assessment scales establishes the MAMO simulator system as the first plastic surgery-specific tool capable of consistently evaluating residents' performance and attributing competence in aesthetic breast augmentation procedures. It should be considered an important pilot project for plastic surgery, demonstrating the groundwork from which future research will streamline this process into one that integrates more seamlessly into our teaching paradigm in plastic surgery. Competency-based education is now a reality and a requirement, and as such, plastic surgery educators much forge forward to adapt to our new training environment requirements. The development of such simulators will be essential for, and complementary to our progress in this arena.
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